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ABSTRACT
There is increasing evidence for the presence of an optically thin advection-dominated accretion flow
(ADAF) in low luminosity active galactic nuclei and radio-loud quasars. The present paper is devoted
to explore the fate of a blob ejected from an ADAF, and to discuss its observational consequences. It is
inevitable for the ejected blob to drastically expand into its surroundings. Consequently, it is expected
that a group of relativistic electrons should be accelerated, which may lead to nonthermal flares, since
a strong shock will be formed by the interaction between the blob and its surroundings. Then the blob
cools down efficiently, leading to the appearance of recombination lines about 105s after its ejection from
an ADAF. We apply this model to NGC 4258 for some observational prediction, and to PKS 2149–306
for the explanation of observational evidence. Future simultaneous observations of recombination X-ray
lines and continuum emission are highly desired to test the present model.
Subject headings: accretion: accretion disk - jet: emission - galaxies: nuclei
1. INTRODUCTION
The process of accretion onto a black hole is thought to
be an efficient way to release gravitational energy. How-
ever for low enough accretion rates the released gravita-
tional energy around a black hole is stored as entropy of
accreting gas rather than being radiated. It is then ex-
pected that the internal energy of accreting gas will be
very high and the temperature may reach the virial value.
This is the well-known optically thin ADAF (Narayan &
Yi 1994), which is quite different from that of standard
accretion disks (Shakura & Sunyaev 1973).
Recently, based on the standard model of accretion
disks, Tagger & Pellat (1999) found an accretion-ejection
instability. The essential physics for this instability is that
the extracted angular momentum is not emitted radially
but ends up as an Alfve´n wave which can eject material
in the direction perpendicular to the disk plane. Such
an instability may be stronger in ADAFs, because the in-
stability grows with disk thickness although the detail of
the instability in ADAFs remains open (Tagger 2000, pri-
vate communication). Such a process provides another
potential channel to release the gravitational energy in
black hole accreting systems. The interesting properties of
Kα line emission in radio-loud quasars lead to the sugges-
tion that the central engine of radio-loud quasars may be
powered by optically thin ADAFs (Sambruna et al. 2000a,
b). If such an instability works in an ADAF, some blobs
should be ejected. Then a natural question arises: what is
the fate of a blob ejected from the optically thin ADAF?
Comparison of the energy density of the ejected blob with
that of the inter-cloud medium (ICM) in broad line regions
(BLR) will give a clue to this question. The typical values
of density and temperature of the ICM in the BLR are
thought to be 5.0×107K and 5.0×106 cm−3, respectively,
in radio-loud quasars (Netzer 1991). If a blob is ejected
from an ADAF, what are its observational consequences
both in line and continuum emission? These are the main
goals of the present paper.
2. THE FATE OF A BLOB EJECTED FROM AN ADAF
The physical properties of the ejected blob should be
obtained from the global solution of an ADAF, which has
already been done by Narayan et al. (1997). Since we are
primarily interested in the fate of a blob, we can avoid the
details of global structure of an ADAF. For simplicity, we
deal with the two limiting cases to constrain the flow, i.e.,
fully and partially advected structure with free-free emis-
sion. The actual disk temperature and density functions
in practice will be somewhere in between those given by
these two limiting cases.
2.1. Optically Thin ADAF
For the first limiting case, namely that of full advection,
we use the self-similar solution of Narayan & Yi (1994),
and get temperature T
ADAF
≈ 2 × 1012r−1K, and den-
sity n
ADAF
≈ 1.1 × 1011α−1m˙M−18 r
−1.5cm−3, where α is
the viscosity parameter, m˙ is the dimensionless accretion
rate by M˙Edd = 1.4 × 10
26M8(g/s)(the accretion efficient
η = 0.1), M8 is the mass of the central black hole in units
of 108M⊙, and r = R/Rg is the dimensionless radius with
Rg = 2GM•/c
2 and M• is the mass of black hole.
We consider the other limiting case of an accretion disk,
assuming a standard accretion disk (Shakura & Sunyaev
1973) holds. In such a case the flow cools via free-free
emission. In this work we only consider the consequences
of a single-temperature treatment as a first approxima-
tion. The height-averaged equations of an accretion disk
are used since a more sophisticated approach is not war-
ranted for this level of treatment. Using the α-viscosity
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2law, the dissipated energy production rate Q+ = αpΩ
K
γ
K
,
where γ
K
= −d lnΩ
K
/d lnR and Ω
K
= (GM•/R
3)1/2 is
the Keplerian angular velocity, is balanced by the free-
free cooling rate Q− = Λ0ρ
2T 1/2 (Λ0 = 1.24 × 10
21).
Suppose that the vertical hydrostatic balance holds, i.e.,
H2 = c2s/Ω
2
K
= kT/mpΩ
2
K
, where H is the half thickness of
a disk, k is the Boltzmann constant, and mp is the proton
mass. The φ-direction equation reads M˙l
K
= 4παR2pH ,
where l
K
is the Keplerian angular momentum. For simplic-
ity, we have neglected the inner boundary condition that
no heat generation occurs at the inner boundary. This is a
reasonable approximation for the region not very close to
the inner radius. Temperature and density are then given
by
Tss = 8.3× 10
11r−3/4α−1m˙1/2 K , (1)
nss = 3.47× 10
13r−15/8α1/2m˙1/4M−18 cm
−3 . (2)
Then the actual temperature T and number density n
should be Tss ≤ T ≤ TADAF and nADAF ≤ n ≤ nss. We can
see that even the free-free cooling disk is of much higher
temperature (within 104Rg) than the one producing re-
combination lines.
2.2. Blob Ejected from Optically Thin ADAF
In ADAFs the magnetic field strength is close to the
equipartition value (Narayan & Yi 1995). The self-similar
solution for such magnetized ADAFs has been found by
Soria et al. (1997). It is interesting to note that there
is an accretion-ejection instability within several gravita-
tional radii in magnetized geometrically thin disks (Tag-
ger & Pellat 1999). Such an accretion-ejection instability
in ADAFs would be stronger than that in thin disks be-
cause its growth rate will increase with increasing disk
thickness (Tagger 2000, private communication), though
the instability in ADAFs needs to be studied in detail
in future. Since most of the dissipated energy will be
mainly deposited on protons, the internal energy density
(U = 32nsskTss) of accreting gas can be obtained by equa-
tions (1) and (2):
U = 5.9× 109r−
21
8 α−
1
2 m˙
3
4M−18 erg/cm
3 . (3)
We can see from above equation that the internal energy
density is very sensitive to the ejection location of a disk,
i.e., U ∝ r−21/8. Thus the ejection at large radii is less sig-
nificant. It is then assumed that a blob with size R0(≤ Re)
is ejected from an ADAF at radius Re via such an insta-
bility, and that the most likely ejection radius is within
Re = 10Rg. Also we assume that changes in temperature
and density are little during the ejection.
The ejected blob will expand rapidly, and strongly inter-
act with its surroundings. This behavior is very similar to
the fireball of γ-ray bursts (Piran 1999). The interaction
between the blob and its surroundings is very complex.
There are two reasons for this complexity, because of two
kinds of interactions between the ejected blob and its sur-
rounding medium, i.e., expansion and transverse motions
in the medium. In this paper we pay our main attention
to the interaction between the blob expansion and it sur-
rounding medium. Neglecting the detailed process of ex-
pansion (Sedov 1969) due to the high internal energy of the
blob, we have d(ρ
SS
v2/2)/dt = −dU/dt, for the expansion
velocity, which is based on the energy conservation. Simi-
larly to the fireball of γ-ray bursts, the expansion will be
decelerated when the swept mass by expansion is equal to
the blob initial mass Mblob, namely,
4
3πR
3
2n2mp = Mblob,
where R2 is its final radius, R2 = R0 + vτ ≈ vτ , with
τ being the timescale of expansion. These equations give
v = (3kT1/mp)
1/2 and τ = (R0/v)(n1/n2)
1/3, where T1
and n1 are the temperature and the number density of the
ejected blob at the initial state, respectively. The expan-
sion proceeds with Mach number
M2 ≈
(
v
cs2
)2
≈
T1
T2
, (4)
where cs2 is the sound speed of its surroundings. Typically
M2 ∼ 2 × 103, for T2 = 5.0 × 10
7K and T1 = 10
11K, and
strong shock will be formed. It is expected that the tem-
perature of the post shock wave will go down to T1/M
2
(Sedov 1969). Thus the ejected blob will be efficiently
cooled down, so that the condition for some recombina-
tion lines, e.g., FeXXV or FeXXIV ions, will be satisfied
(Raymond & Smith 1977). The separation of the ejected
blob from the central black hole would be d = βcτ , where
βc is the ejection velocity of the blob. There are mainly
three effects strongly affecting the observed profile of emis-
sion lines: 1) spherical expansion causes the broadening
of emission line profile, 2) the gravitational redshift (per-
haps not strong), and 3) Doppler shift due to the bulk
motion of the blob. The profile of an emission line from
the relativistic outflow close to a rotating black hole has
been calculated in our recent paper (Wang et al. 2000).
It is expected that a line from such an ejected blob will
have a more complex profile. The evolution of the blob
will be mainly determined by free-free cooling after its
swept mass of the surrounding medium equals to the ini-
tial mass of the blob. The density is then approximated as
ne ≈
[
n1R
3
0 + n2(vτ)
3
]
/(vτ)3 = 2n2 = 1.0 × 10
7 (cm−3).
The timescale is τff ≈ 6.6T
1/2
8 n
−1
e,7 (yr), where T8 = T/10
8
and ne,7 = ne/10
7. It is thus expected that the blob with
temperature ∼ 108K will cool down at 2pc from the nu-
cleus, if the ejection occurs at almost light speed.
Next we briefly describe the possibility of nonthermal
emission from a blob; blast waves are expected to be gener-
ated during expansion and to accelerate a group of thermal
electrons to be relativistic. The conversion of the blob ki-
netic energy to nonthermal particles involves complicated
plasma physics and shock acceleration processes. However,
we can avoid dealing with the detailed acceleration physics
by simply assuming that some fraction of the internal en-
ergy is transformed into a group of nonthermal electrons
(e.g., Blandford & Eichler 1987). Here we assume that
fraction ξ of all the internal energy is channelled into the
nonthermal electrons. From the energy conservation, the
total number of relativistic electrons can be estimated from
ξR30(n1kTss) = (vτ)
3n0mec
2
∫
γ1−pdγ, where we assumed
that shock acceleration forms a population of electrons
with power-law index p as n0γ
−p. The total number of
relativistic electrons in one blob is
Ne =
4
3
πξn1R
3
0
(
kTss
mec2
)(
2− p
1− p
)(
γ1−pmax − γ
1−p
min
γ2−pmax − γ
2−p
min
)
. (5)
3The fraction of the relativistic electrons to the total num-
ber of the initial blob is about ξkTss/γminmec
2 = 0.012ξ−2
for p > 2, where ξ−2 = ξ/0.01 and γmin = 50. This
strongly implies that the radiating electrons may originate
from the present mechanism, which may be a proposing
mechanism responsible for the acceleration of relativistic
electrons in some of radio-loud quasars. It is expected the
nonthermal emission spectrum and light curves should be
similar to some properties predicted by Li & Kusunose
(2000) and Kusunose et al. (2000).
It is thus inevitable for the ejected blob that the high-
temperature drops due to the strong interaction between
the blob and its surroundings, and as a natural conse-
quence there is a group of electrons to be accelerated to
relativistic energy responsible for the continuum and some
recombination lines from the cooled blob.
3. APPLICATIONS
It has been generally accepted that accretion onto super
massive black holes leads to the release of gravitational en-
ergy in active galactic nuclei (Rees 1984). However, the
status of the accretion disk in different kinds of AGNs re-
mains uncertain. Ion-supported tori may power the central
engine in radio-loud quasars (Rees et al. 1982). A famous
low luminosity AGN NGC 4258 is generally thought as
representative of ADAFs (Gammie et al. 1999). However,
recent observations of Kα by ASCA show the origination is
not from an accretion disk (Reynolds et al. 2000). Yaqoob
et al. (1999) detected a highly Doppler blue-shifted K-
emission line in PKS 2149–306. We thus apply our model
to the two objects.
NGC 4258: The mass of the central black hole is well
determined to be M• = 3.6 × 10
7M⊙ by Miyoshi et al.
(1995). Radio observation set the transition radius from
the standard disk to the ADAF to be 100Rg (Herrnstein
et al. 1999), and the accretion rate is ∼ 1.0 × 10−3M˙Edd
(Gammie et al. 1999). Taking the typical value of α = 0.1,
we have T1 = 4.7× 10
10K and n1 = 7.2× 10
10cm−3, if the
ejection takes place at 10Rg, where the viscous heating
rate is highest. The initial dimension of the ejected blob
is taken to be R0 = 10Rg = 10
14 cm. The additional com-
ponent with luminosity LAX = 2.0 × 10
40 ergs/s in X-ray
shows that the tenuous plasma is of temperature 0.5 keV
(Reynolds et al. 2000). This sets constraints on the den-
sity of the environment in the vicinity of the nucleus via the
Thomson scattering depth τ
Th
= σ
Th
n2ℓ, where σTh is the
Thomson scattering cross section and ℓ is the dimension
of its surroundings. Using the X-ray luminosity of the ad-
ditional component contributed from the tenuous plasma
LAX =
4
3πℓ
3Λn22T
1/2
e (Λ = 3.4×10−27), we have the number
density of the surroundings to be n2 = 10
8(τ
Th
/0.1)3cm−3.
From equation (4) we have the Mach number M = 97.
The timescale of cooling due to expansion is then given
by τ = 2.36 × 105s, which is much shorter than that
of free-free cooling. The expanded radius of the blob is
R2 = 9.0 × 10
14cm. The temperature will drop from
4.7×1010K to T = T1/M
2 ≈ 5.0×106K. During the cool-
ing some recombination lines will be produced (Raymond
& Smith 1977), such as FeXXVIλ1.78A˚, FeXXVλ1.85A˚,
FeXXVλ1.86A˚, and oxygen line OVIIIλ18.97, and silicon
Si XIVλ6.18A˚, etc. If the blob moves with Doppler fac-
tor of 10 (Gammie et al. 1999), we expect to observe
the highly Doppler blue-shifted line at 64D10 keV, where
D = 10D10 is the Doppler factor. Such lines should be
detected by future observations of INTEGRAL.
PKS 2149–306: The highly Doppler shifted iron K-
emission line has been detected by ASCA in this high red-
shift (z=2.345) radio-loud quasar (Yaqoob et al. 1999), al-
though the current data does not allow to determine its un-
ambiguous profile. We attempt to apply our present model
to this source. The central mass can be obtained from the
full-width-at-half-maximum (FWHM) and the luminosity
of emission line CIV (Peterson 1998). With the measure-
ments of v
FWHM
= 6400km/s (Wilkes 1986), and L(CIV) =
1.2 × 1046erg/s (Wilkes et al. 1983) (which we measured
from the spectrum), we have the mass of the central black
hole, M• = 3.4× 10
9M⊙, which corresponds to Eddington
luminosity L
Edd
= 4.3 × 1047erg/s. If we follow the mean
spectrum of radio-loud quasars (Elvis et al. 1994), we get
the bolometric luminosity Lbol ≈ 5.0× 10
47erg/s based on
the continuum (Siebert et al. 1996). Then the accretion
rate is roughly m˙ = Lbol/(D
4L
Edd
) ≈ 2.0 × 10−2, where
Doppler factorD = 2.65; here we directly used the Doppler
factor of the iron K emission line as jet’s. It suggests that
this object may be powered by an ADAF. The transition
radius from the standard disk to the ADAF can be ob-
tained by the approximate formula rtr ≈ 2.6 × 10
3α4m˙−2
for the case that half the released energy is advected [their
eq. (4.1) of Narayan & Yi 1995]. We get rtr ≈ 400
for α = 0.1. If the ejection takes place at 10Rg with
initial radius R0 = 10Rg ≈ 10
16cm, then the density
is n1 = 1.7 × 10
8cm−3 and the temperature is T1 =
2.3× 1011K. Taking the typical values of the parameters,
n2 = 5.0 × 10
6cm−3 and T2 = 5.0 × 10
7K, for ICM in
the BLR (Netzer 1991), we have the typical expansion
timescale τ ≈ 2.8 × 106s, and the temperature will drop
to 107∼8K, where Mach number M2 = 4.7 × 103 from
equation (4). The blob’s distance from the center is about
βcτ ≈ 8.4 × 1016cm≈ 80Rg (β ≈ 1). It is thus expected
that some high energy recombination lines will appear in
2.8× 106s since the ejection of a blob.
There should be two steps to eject a blob. The first
is the blob formation with the timescale of τf , which is
approximate to the viscous timescale (timescale to ac-
cumulate matter), namely τf ≈ α
−1τ
K
[τ
K
= 1/Ω
K
=
(Rg/c)r
3/2 = 106s at r = 10]. In the more accurate global
solution the radial velocity is higher than the above one.
The second is the relativistic ejection with timescale τe.
It seems reasonable to assume that the timescale of ejec-
tion is much shorter than the timescale of blob formation.
The duration for a blob to produce the iron recombina-
tion lines is approximately τff = 6.6yr for Te = 10
8K
and ne = 1.0 × 10
7cm−3. Therefore the number of the
blobs producing the recombination line of iron K-emission
would be Nb ≈ τff/(τe + τf) ≈ ατff/τK ≈ 20 if the ejec-
tion takes place at 10Rg (It should be noted that this
number is not the total of the ejected blobs). We as-
sume the cosmic abundance of iron in the blob. Con-
sidering the boosting effects of flux due to the relativis-
tic motion, the intrinsic flux is given by Fin = FobsD
−4
b ,
where Fobs is the observed flux (erg s
−1 cm−2) and Db is
the Doppler factor of outflow. The energy of K-emission
line with emissivity j
K
within the time interval ∆t is
∆E ≈ 43πNbjKn
2
eR
3
2∆t, which can be compared with the
4observable ∆E = 4πd2LFobs∆t/D
4
b , where ne is the num-
ber density of electrons in the blob. With the help of
energy conservation, we can predict the observed flux:
Fobs = NbD
4
bjKn
2
eR
3
2/3d
2
L ≈ 0.8 × 10
−13erg s−1 cm−2,
where we take the emissivity of iron recombination lines,
j
K
=1.4×10−24erg s−1 cm−3 (Raymond & Smith 1977),
and Db = 2.65 (Yaqoob et al 1999). We find this esti-
mated value is close to the observed flux, Fobs ≈ 3.6
+2.5
−2.5×
10−13erg s−1 cm−2 (Yaqoob et al. 1999). Here we do not
rule out the contribution of iron Kα fluorescence emis-
sion to the observed flux. The total number of relativistic
electrons in one blob is Ne ≈ 1.5 × 10
54, if we take the
minimum energy of electrons γmin = 50. These electrons
will be responsible for the nonthermal emission. The de-
tailed radiation processes and spectra with the evolution
of electron’s energy distribution will be carried out in a
separate paper.
4. CONCLUSIONS AND DISCUSSIONS
If a blob ejection takes place in such an ADAF the fate
of the blob is an interesting topic. In the ADAF regime the
released gravitational energy from the viscous dissipation
is restored as the entropy of the accreting gas. We have ex-
plored the observational consequences of the blob ejected
from an optically thin ADAF. We found it inevitably dras-
tically expands into its surroundings with Mach number of
M ≈ 102. The hot blob cools down rapidly via the inter-
action between the blob and its surroundings via the blob’s
expansion. Consequently a group of thermal electrons will
be accelerated to be relativistic via strong shocks, leading
to nonthermal radiation from the blob. Simultaneously
there will appear some of recombination lines from the
blob. If the ejected blob moves, these lines will be highly
Doppler shifted. We think the observed iron K emission
line in PKS 2149–306 results from the ejected blob from an
optically thin ADAF. We also made predictions for NGC
4258 for future observations of INTEGRAL.
Recent studies on the Kα line properties in radio-
loud quasars show that the line is weak and narrow in
radio-loud quasars, but strong and broad in radio-quiet
quasars, which are quite similar to that in Seyfert galaxies
(Reynolds 1997, Sambruna et al. 1999a, Wozniak et al.
1998, Reeves & Turner 2000, Fabian et al. 2000). The
ADAF thus may power the central engines of radio-loud
quasars (Sambruna et al. 1999b). The proposed model is
consistent with the existing data of PKS 2149-306 and sup-
ported by the recent observations of Kα line in other radio-
loud quasars. The thermal X-ray emission lines from an
ADAF have been studied by Narayan & Raymond (1999),
who suggest these lines may be detected by the current
X-ray instruments (Narayan & Raymond 1999, Perna et
al. 2000). If the future observations (high space resolu-
tion of radio telescopes and high energy resolution of X-
ray telescopes) confirm our predictions, the highly Doppler
blue-shifted iron K emission line may shed light on jet for-
mation and be very helpful to the construction of central
engine models of radio-loud quasars.
It is likely for the ejected blob to encounter BLR clouds
when it passes through the BLR. One may expect to see
changes in the optical/UV emission line spectrum in the
simultaneous multiwavelength observations. For a radio-
loud quasar it would be difficult to test the X-ray contin-
uum from the ADAF itself since the nonthermal emission
dominates its continuum by the Doppler boosting effects.
The spatial distribution of ejected blobs is expected to be
perpendicular to the accretion disk plane. Their distribu-
tions may lead to interesting observables, for example, the
line profile will be broadened, if they occupy a considerable
solid angle.
The proposed model is based on two important assump-
tions. First, we assumed a blob is ejected from an ADAF,
but we did not specify the working mechanism responsible
for the ejection. This leads us not to accurately predict the
number of blobs. The accretion-ejection instability found
by Tagger & Pellat (1999) could be a promising mecha-
nism and we will study it in future. The second involves
the interaction between the blob with its surroundings. If
the density of blob’s surroundings is too low, the fate of the
ejected blob would be different from the proposed model.
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